Summary. Cytological studies in the light microscope showed that thioacetamide (TAA) depressed the mitotic index in cultures of skin fibroblasts at the lowest concentrations used (100 ,ug/ml). At high concentration (1 mg/ml), TAA tended to cause aberration in nuclear morphology. Ethylenethiourea (ETU) had no effect on either mitotic index or nuclear morphology at 1 mg/ml. Fibroblast cultures treated with 1 mg/ml TAA and cultures grown in the presence of 2 mg/ml ETU were studied by electron microscopy. In some TAA -treated cells there was unfolding of the nuclear membrane and enlargement and granulation of the nucleolus, but these effects were not correlated. In all cells, TAA caused severe and characteristic damage to the majority of mitochondria, whether or not there were nuclear aberrations. The organelle showed extensive swelling of the cristae of the inner membrane and an increase in matrix density. Ultrastructure of other cell components appeared to be unaffected by this treatment. In ETU-treated cells some less severe swelling of inner mitochondrial membranes was seen and only in a minority of cells, whilst all other cell structures appeared normal. Similar membrane swelling and increase in matrix density was seen in isolated rat liver mitochondria after incubation with TAA, indicating a direct antimitochondrial effect of the carcinogen.
THIOACETAMIDE (TAA) and ethylenethiourea (ETU) have similarities in their structural formulae ( Fig. 1 ) but, whereas TAA readily induces hepatomas in rats (Fitzburgh & Nelson, 1948) , ETU is claimed to be tumorigenic only after prolonged treatment at high doses (Ulland et al., 1972) . Preliminary results indicated that for a number of carcinogens, including TAA, mitochondria are the primary targets in yeast cells (Egilsson et al., 1979) . These findings raise two questions: does the antimitochondrial activity of TAA and other carcinogens extend to human cells and, if so, is the severity of the antimito- (ii)
Fie. 1. Chemical structure of ethylenethioturea (i) and thioacetamide (ii).
We have attempted to answer both questions by investigating the ultrastructure of human diploid fibroblasts treated with TAA and ETU. The results provide prima facie evidence that mitochondria t To wlhom reqiLests for reprints shouil( be a(d (dres*s(d. are affected, and more by TAA than by ETU.
To corroborate these findings, the same compounds have been studied in the yeast system, in which primary antimitochondrial activity is detectable by several techniques not available for human cells (Wilkie, 1972) . Briefly, the test exploits the ability of yeast cells to dispense with mitochondrial respiration (e.g. under anaerobiosis) and grow on the products of glycolysis. Thus a compound which selectively or specifically inhibits mitochondria will have little or no effect on yeast growth provided glucose is available. The same compound would arrest growth if the carbon source was non-fermentable (e.g. glycerol) requiring a functional respiratory chain to be metabolized. The initial step, then, in establishing the primary mitochondrial activity of a drug is the arrest of growth in glycerol medium at concentrations of the drug which permit growth in glucose mediumn.
Antimitochondrial activity in the case of a carcinogen or mutagen would be expected to result from direct or indirect reaction with mitochondrial DNA, which could then be affected both in its transcription and replication. The former effect is detectable as failure of cytochromes aa3 and b to develop, since the appearance of these respiratory-chain enzymes requires synthesis in the mitochondria of mitochondrially coded polypeptides. Cytochrome c, on the other hand, is coded by a nuclear gene and synthesized on cytoplasmic ribosomes and so would be largely unaffected by the mitochondrial inhibitor. These effects are readily scorable from the cytochrome absorption spectra using whole yeast cells (Fig. 5) (Wilkie, 1972) .
Absorption spectra.-Cultures were grown in shake culture in YED medium to stationary phase in the presence and absence of TAA and ETU. Cells were harvested by centrifugation, washed twice in ice-cold distilled water and resuspended as thick slurry (-910q cells/ml) also in distilled water. Absorption spectra in the 500nm-630nm region were scanned using a Pye-Unicam SPI800 recording spectrophotometer at room temperature, with a tissue-paper blank.
Petite mutation. -Petite colonies were scored initially by size and colour on YED agar, subsequently by velvet-pad transfer to YEG medium where they failed to grow.
Rat liver mitochondria.-Mitochondria were prepared according to Chappell & Hunsford (1972) and incubated as described by Wallis & Wilkie (1979) for 3 h in the presence and absence of 20mM TAA. Mitochondria were then prepared for EM study following the method of Diala (1978) .
RESULTS

Human cells
The effects of TAA and ETU on cell division are recorded in Table I . ETU, up to 2 mg/ml in the culture medium, inhibited effect on growth and division of fibroblasts. On the other hand, TAA at concentrations of 100 and 250 Ktg/ml depressed the mitotic rate, while in Exp. 2, 1 mg/ml totally blocked cell division and also caused severe effects on the nucleus, which showed marked convolutions similar to those described in tumour cells of malignant melanoma by Hunter et al. (1978) (Fig. 2c) . In Exp. 4, treatment with 1 mg/ml TAA did not produce this morphological aberration, but some inhibition of mitosis was still apparent (Table I) .
Seven further experiments were carried out in which the effects of TAA (0.5 and 1 mg/ml) and ETU (1 and 2 mg/ml) on morphology were directly compared in cells from the different donors (A, B and C: see Table I ) and under varying con- ditions. These inclutded time of exposure, passage number, and type of serum (20% human vs 10°/ foetal calf) in the culture medium. No abnormalities were seen after treatment with ETU in any of these cultures, but cells from A, B and C treated with 1 mg/ml TAA showed cellular and nuclear contortion, though cells were probably not killed by this treatment, since they remained attached to the coverslip. Treatment with 0 5 mg/ml TAA produced no apparent morphological disturbance. Thus the 3 different cell lines had similar responses to the various treatments.
Electron mnicroscopy
A high proportion of the mitochondria in all cells of culture A treated with 1 mg/ml TAA showed structural aberrations, characterized by a dense matrix and excessive swelling of the inner membrane (Fig. 3b) . In contrast, ETU-treated cells showed fewer cases of structural aberration in the mitochondria, which were mostly indistinguishable from mitochondria of the control cells (Fig. 3c) . No other structural damage was detected in ETU cultures. The aberration seen in mitochondria was mainly inner-membrane swelling, but this was not as pronounced as in the TAA-treated cells. Although these observations were made using only one human cell line and at selected concentrations of TAA and ETU in the growth medium, the results were clear-cut and widely different for the two compounds. Results obtained with cells from different donors in the light-microscope studies justify the extrapolation to other lines.
Nuclear contortion in TAA-treated cells was recognizable in EM as extensive folding of the nuclear membrane (Fig. 2c) . The aberration was seen only in some of the cells. A main point is that in those cells with no detectable nuclear distortion the mitochondrial effect was still much in evidence (Fig. 2d) . At the same time, other membrane structures (including Golgi, microtubules and microfilaments, lysosomes and endoplasmic reticulum) and overall cellular morphology appeared unaffected. On the other hand, the nucleolus tended to be altered in a characteristic way in these cells, being enlarged with a distinctive increase in granular elements compared with the normal nucleolus (Fig. 2c) . Nuclear substructure in ETUtreated cells appeared normal. More than 200 nuclei were examined in these studies. It has been reported that the nucleoli of rat liver cells treated in vivo with TAA likewise showed a marked increase in the granular component (Svoboda & Higginson, 1968 ) a condition thought to be due to accumulation of RNA in the nucleoli. At the same time, mitochondria in these preparations showed an increased matrix density and poorly developed cristae. It was possible in our preparations to see an apparently normal nucleolus in a cell showing the typical mitochondrial aberration induced by TAA, which suggests the primary nature of this effect (Fig. 2d) .
Rat liver mitochondria
As can be seen in Fig. 4 , TAA caused nmitochondrial aberrations similar to those of intact cells, namely swollen and distended membranes (note fragile condition) with a dense matrix. These findings demonstrated that TAA could directly affect mitochondrial structure.
Yeast systen.
In all strains tested, both TAA and ETU were more inhibitory to growth in glycerol medium than in medium with glucose as carbon source, indicating primary antimitochondrial action of both compounds. The minimum inhibitory concentration (MIC) of ETU in glycerol medium was, on average, -.1 mg/ml, whereas that of TAA was 200 [ig/ml.
General cytotoxicity of TAA was indicated by inhibition of growth in glucose medium at a concentration of 1 mg/ml, but ETU at maximum solubility (4 mg/ml) did not arrest growth in glucose, though the rate of growth was affected in some strains. The results indicated that both compounds selectively blocked mitochondria and that TAA was more active than ETU in this respect.
Selective blockage of mitochondria was further demonstrated by failure of cytochromes aa3 and b to develop during growth in glucose medium in the presence of the two compounds (Fig. 5) . Thus mitochondrial protein synthesis was arrested while cytoplasmic protein synthesis, exemplified by the appearance of cytochrome c, continued.
Interaction with mitochondrial DNA was indicated by these compounds in the induction of petite mutants (Table II) The possibility of carcinogens selectively reacting with mitochondrial DNA was raised by Graffi and associated (Wunderlich et al., 1970) who found that N-methyl-N-nitrosourea and nitrosodimethylamine selectively alkylated mitochondrial DNA rather than nuclear DNA in animals administered these carcinogens. Carcinogenic azo dyes have also been found to have a preferential affinity for cytoplasmic structures in mammalian cells (Nagatani, 1960 (Wolff, 1977) is taken into account. Exchange between circular chromosomes could introduce mechanical problems, leading to catenated circles and/or large circles containing multiple genomes. Indeed it is claimed that catenated and other aberrant mitochondrial DNA molecules are a feature of certain tumour cells (Clayton & Smith, 1975 
